RESEARCH
T he "Green Revolution" in rice was a series of critical events in the 1960s and 1970s that dramatically increased rice production and thus helped to avert food shortages in Asia (Evenson and Gollin, 2003) . The Green Revolution in rice began with the development of IR8, the fi rst high-yielding rice variety for the irrigated tropical lowlands, by the IRRI (Peng et al., 1999) . IR8 is a short-statured variety with numerous tillering, stiff culms, and erect leaves. The short stature of IR8 was derived from the gene semi-dwarf1 (sd1), which remarkably enhanced lodging resistance Sasaki et al., 2002) . Since the release of IR8, sd1 has been widely used in high-yield breeding programs throughout the world. For example, Tongil, the fi rst japonicaindica high-yielding variety in Korea, was developed in the 1970s from a three-way cross using IR8 as one of the parents (Chung and Heu, 1980) . Tongil also has a short and sturdy plant type that boosted rice production in Korea. The increase in production triggered by the introduction of Tongil rice was referred to as the "Korean Green Revolution."
In the 1980s, Japan promoted the development of super-highyielding rice varieties through crosses of semidwarf indica varieties
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with japonica varieties (Kushibuchi, 1997) . Takanari, one of the varieties developed in the project (Imbe et al., 2004) , demonstrated the highest rice yields (nearly 10 t ha −1 ) ever achieved under temperate climate conditions (Takai et al., 2006b) ; these yields were comparable to the maximum yield of IR8 recorded in the 1960s in the tropics (De Datta et al., 1968) . Takanari is descended from high-yielding varieties including IR8 and Tongil, and it also has a semidwarf plant stature. Therefore, sd1 was instrumental in high-yield breeding programs in several countries, but it was not only the gene that contributed to high yield potential in these materials. Recent genomics studies have identifi ed a quantitative trait locus (QTL) controlling grain number per panicle, designated as GRAIN NUMBER1A (GN1A), by using genetic materials derived from a cross between a high-yielding indica variety, 'Habataki', and a leading japonica variety, Koshihikari (Ashikari et al., 2005) . Habataki is a sister line to Takanari, and the GN1A allele from Habataki increased grain number per panicle (Ashikari et al., 2005) . Yan et al. (2009) also reported that IR8 had the same allele of GN1A as Habataki. These results indicate that larger sink size as well as short stature was selected in the process of breeding for high-yielding rice.
A number of ecophysiological studies were conducted to characterize factors associated with high yield potential in Takanari (Horie et al., 2006; Takai et al., 2006b; Ohsumi et al., 2007; Taylaran et al., 2011) . These studies demonstrated that Takanari had strong source ability and particularly a high photosynthesis rate. These results imply that breeders may have been selecting for a higher photosynthesis rate along with the semidwarf plant type and larger sink size. Identifi cation of the genetic factors selected in high-yield breeding programs supports the importance of these factors and will be useful for developing future high-yielding varieties. However, until now there has been no direct evidence that increased photosynthesis rate has been selected during the process of breeding for increased yield in rice. Therefore, in this study, we conducted comparative mapping of QTLs for photosynthesis-related traits by using three F 2 populations derived from three single crosses (Koshihikari × Takanari, Koshihikari × Tongil, and Koshihikari × IR8) to determine whether common QTLs would be detected in the three mapping populations. Because direct measurements of photosynthesis are laborious and easily infl uenced by environmental changes (Takai et al., 2009) , photosynthesis-related traits such as the Soil and Plant Analyzer Development (SPAD) value and leaf N content (LNC) were used for the genetic analysis.
MATERIALS AND METHODS

Plant Materials and Field Trials
Four rice varieties, Koshihikari, Takanari, Tongil, and IR8, were used in this study. Koshihikari is a leading japonica variety in Japan (Yamamoto et al., 2010) , but its yields are relatively low compared to indica and indica-japonica varieties or something similar. Takanari is one of the highest yielding japonica-indica varieties in Japan (Imbe et al., 2004 ) with a greater photosynthetic rate in the fl ag leaves at the heading stage than Koshihikari (Ohsumi et al., 2007; Takai et al., 2010b) . Tongil is a high-yielding indica variety grown in Korea (Chung and Heu, 1980) . IR8 is the fi rst high-yielding indica variety developed by IRRI, and it is sometimes referred to as "miracle rice" (Hargrove and Cabanilla, 1979) . Tongil and IR8 are ancestors of Takanari (Fig. 1) .
We developed three mapping populations for QTL analysis of photosynthesis-related traits: (i) 149 F 2 plants derived from Koshihikari × Takanari, (ii) 156 F 2 plants derived from Koshihikari × Tongil, and (iii) 123 F 2 plants derived from Koshihikari × IR8. The four parental varieties were grown in a randomized complete block design with three replicates in a paddy fi eld at the National Institute of Crop Science in Miraidaira, Japan, in 2010. Twenty-one-day-old seedlings were transplanted at one seedling per hill on 1 June. Each plot consisted of one row with 20 hills at a spacing of 15 cm between hills and 30 cm between rows. Basal fertilizer was applied at a rate of 60 kg N ha −1 as controlled release fertilizer, 52 kg P ha . In 2011, the four parental varieties and the three mapping populations were grown in the paddy fi eld. Twenty-four-day-old seedlings were transplanted on 4 June with the same cultivation methods as in 2010.
Evaluation of Photosynthesis and Related Traits
In 2010, the photosynthesis rate of fl ag leaves in four parental varieties was measured at the heading stage with a portable photosynthesis system (LI-6400, Li-Cor). Measurements were conducted on clear days between 0900 and 1300 h under a constant saturated light level of 2000 μmol m −2 s −1 provided by red and blue light-emitting diodes. The leaf chamber temperature was maintained at 30°C, the reference CO 2 concentration was 390 μmol mol
, and the relative humidity was 75% ± 5%. The photosynthetic rate was recorded once the fl ag leaf was enclosed in the chamber and the system software indicated that CO 2 , H 2 O, and fl ow in the chamber were stabilized. The same fl ag leaves used for measurement of photosynthesis were used for investigations of photosynthesis-related traits, namely the SPAD value and LNC. The SPAD value was measured with a SPAD meter (SPAD-502, Konica-Minolta). Leaf N was quantifi ed with a N and C analyzer (Sumigraph NCH-22F, Sumika Figure 1 . Pedigree of the high-yielding variety Takanari.
RESULTS
Plant Morphology and Photosynthesis Rates of the Four Parental Varieties
We fi rst examined plant morphology of the four parental varieties in the paddy fi eld. Takanari, Tongil, and IR8 showed shorter stature and darker green leaves than Koshihikari (Fig. 2a) . Koshihikari, Takanari, and Tongil headed at similar times, but IR8 headed 20 d later than the other three varieties (Fig. 2b ).
Takanari and Tongil had the highest photosynthesis rates in fl ag leaves at the heading stage, IR8 had an intermediate photosynthesis rate, and Koshihikari had the lowest rate (Fig. 2b) . Although late heading is generally correlated with low leaf photosynthesis rate in rice (Takai et al., 2009) , photosynthesis in IR8 was signifi cantly higher than that in Koshihikari despite heading later. Takanari, Tongil, and IR8 also exhibited signifi cantly higher SPAD values and LNC than Koshihikari, and these traits had a high positive correlation with photosynthesis (R = 0.81 for both; p < 0.001).
Phenotypic Variation within F 2 Populations
Days to heading (DTH) and the two photosynthesisrelated traits showed bimodal and normal distribution in the three F 2 populations, respectively, and all traits showed Chemical Analysis Service). In 2011, SPAD values and LNC were measured using the fl ag leaves at the heading stage in the four parental varieties and the three mapping populations by using the same method as in 2010.
Quantitative Trait Locus Detection and Statistical Analysis
For QTL analysis, 135, 125, and 128 polymerase chain reaction-based markers distributed across the genome (McCouch et al., 2002; Monna et al., 2002; International Rice Genome Sequencing Project, 2005; Ando et al., 2008) were used for the Koshihikari × Takanari, Koshihikari × Tongil, and Koshihikari × IR8 populations, respectively. We also developed an insertion or deletion (indel) marker for GN1A; the sequences of the forward and reverse primers were 5′-CTC-CATCCCAAAATAAGTTC-3′ and 5′-GCTGGCCTGT-CATCC-3′, respectively. Among these markers, 107 were mapped in all three populations. Linkage maps were constructed with the MAPMAKER/EXP 3.0 software (Lander et al., 1987) . The chromosomal positions and eff ects of putative QTLs were determined by composite interval mapping with the QTL Cartographer 2.0 software (Basten et al., 2002) . A logarithm of odds (LOD) score of 3.0 was used as the threshold of QTL detection to reduce the likelihood of false positives. The additive and dominance eff ects and the proportion of the phenotypic variance explained by each QTL (R 2 ) were estimated from the peak LOD score. To compare QTL locations among the three populations, we connected the three linkage maps by using the 107 common markers. Furthermore, to support the detection of QTLs by comparative mapping, we performed QTL analysis jointly for the three F 2 populations by a Bayesian method developed by Hayashi and Iwata (2009) with some modifi cations. In brief, the Bayesian model assumed biallelic QTL having two possible alleles, Q as an allele derived from Koshihikari, and q as the one derived from at least one of the other three varieties. Then, the model searched QTLs segregated in at least one of the three populations. A QTL was declared signifi cant when summed QTL intensity-the sum of posterior QTL intensity over all intervals on each chromosome-exceeded the 0.8 threshold according to Hayashi and Iwata (2009) . To further examine one of the QTLs detected in this study, graphical genotypes of the long arm of chromosome 4 were constructed and compared for 11 varieties that were used in the development of Takanari and of which seeds were available (Fig. 1) .
For correlation analysis among traits and comparisons of traits among the four parental varieties, statistical analysis was performed using commercial software ( JMP 6.0.3 [SAS Institute, 2008] ). transgressive segregation compared with the parental varieties (Fig. 3) . Although Takanari and Tongil headed earlier than IR8, similar ranges and frequency distributions of DTH were observed in the three populations. The three populations also demonstrated similar ranges and frequency distributions for the SPAD value and LNC. Therefore, we expected that there might be common QTLs for photosynthesis-related traits among the three populations.
The SPAD value and LNC were negatively correlated with DTH (Table 1 ), suggesting that DTH aff ected these photosynthesis-related traits. Signifi cant positive correlations were observed between the SPAD value and LNC in the three populations (R = 0.76 to 0.87).
Quantitative Trait Locus Analysis of the Three Populations
The linkage maps for the three F 2 populations covered almost the whole rice genome. The total map lengths were 1595.1, 1572.6, and 1554.8 cM and the average distances between markers were 11.7, 12.6, and 12.1 cM for the Koshihikari × Takanari, Koshihikari × Tongil, and Koshihikari × IR8 populations, respectively. A total of 11, 10, and 9 QTLs with LOD > 3.0 were detected for three traits (DTH, SPAD value, and LNC) in the Koshihikari × Takanari, Koshihikari × Tongil, and Koshihikari × IR8 populations, respectively (Table 2; Fig. 4 ). These QTLs were distributed over 9 of the 12 chromosomes (all except for chromosomes 5, 11, and 12). The phenotypic variance explained by each QTL (R 2 ) ranged from 3.4 to 56.4%. In the Koshihikari × Takanari population, three, four, and four QTLs were detected for DTH, SPAD value, and LNC, respectively. Three genomic regions were identifi ed as QTL clusters: QTLs for all three traits were co-located on the long arm of chromosome 3 and in the middle of chromosome 6, and QTLs for SPAD and LNC were co-located on the long arm of chromosome 4. For the QTL clusters on chromosomes 3 and 6, the alleles associated with increased DTH were also associated with decreased SPAD value and LNC. For the QTL on chromosome 4, the Takanari allele contributed to increased SPAD value and LNC.
In the Koshihikari × Tongil population, four, four, and two QTLs were detected for DTH, SPAD value, and LNC, respectively. Two chromosome regions were identifi ed as QTL clusters: QTLs for SPAD and LNC were co-located on the long arm of chromosome 4, and QTLs for all three traits were co-located in the middle of chromosome 6. For the QTL cluster on chromosome 6, the allele associated with increased DTH was associated with decreased SPAD value and LNC. For the QTL cluster on chromosome 4, the Tongil allele contributed to increased SPAD value and LNC. In the Koshihikari × IR8 population, two, four, and three QTLs were detected for DTH, SPAD value, and LNC, respectively. Three genomic regions were identifi ed as QTL clusters: QTLs for SPAD and LNC were co-located on the long arm of chromosome 3, QTLs for all traits were co-located in the middle of chromosome 6, and QTLs for DTH and LNC were co-located on the long arm of chromosome 8. For the QTL clusters on chromosomes 6 and 8, the alleles associated with increased DTH were associated with decreased SPAD value and LNC. Although a QTL for LNC was not detected on the long arm of chromosome 4 at the threshold LOD score > 3.0, a peak with an LOD score of 2.5 was co-located with the QTL for SPAD value. In that region, the IR8 allele contributed to increased SPAD value and LNC.
In all three mapping populations, QTLs for photosynthesis-related traits were commonly detected on chromosomes 4 and 6. Bayesian QTL mapping jointly for the three F 2 populations also detected QTLs for SPAD value and LNC on chromosomes 4 and 6 ( Fig. 5 ; Table 3 ). The segregation probabilities of the two QTLs at each population were 1.0. These results support the detection of the QTLs in each population by the comparative mapping. However, the QTLs on chromosome 6 were also associated with DTH, suggesting a possible pleiotropic eff ect of heading date on photosynthetic rate (see Discussion). The QTLs in the vicinity of RM3534 on chromosome 4 were not associated with DTH and might represent a photosynthesis-specifi c function; therefore, we wished to investigate this region in the ancestors of Takanari. We constructed and compared graphical genotypes of the region between RM3916 and RM5608 (the one-LOD support interval for the QTL) among 11 ancestors of Takanari (Fig. 1) for which seeds were available. Although several genotypes were found among these ancestors, six varieties (including Tongil and IR8) exhibited the same genotype as Takanari for markers in this region of chromosome 4 (Fig. 6 ).
DISCUSSION
In this study, we fi rst compared the photosynthesis rates of fl ag leaves at the heading stage among the four parental varieties. A previous study compared photosynthesis among the varieties released by IRRI and found that IR8 had the highest photosynthesis rate (Hubbart et al., 2007) . We also revealed signifi cantly higher photosynthesis in Takanari, Tongil, and IR8 than in Koshihikari despite late heading in IR8. The signifi cantly higher photosynthesis rates in Takanari, Tongil, and IR8 suggested that this trait had been selected in breeding programs for high yield; therefore, we expected to fi nd QTLs for photosynthesis rate in mapping populations constructed with these varieties. For genetic analysis of photosynthesis, one of the challenges is precise evaluation of a number of genetic lines or plants. Because real-time measurements of photosynthesis are laborious and easily infl uenced by environmental changes, they are not generally appropriate for genetic analysis. We have established some rapid and precise methods to indirectly evaluate photosynthesis by measuring related traits (Takai et al., 2006a (Takai et al., , 2009 (Takai et al., , 2010a (Takai et al., , 2010b . For example, the SPAD value and LNC, which refl ect chlorophyll content and the amount of the ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco) protein, can be easily measured using a SPAD meter and a N and C analyzer, respectively. The levels of chlorophyll and Rubisco infl uence carboxylation efficiency during photosynthesis (Lambers et al., 1998) . In this study, we confi rmed the close correlations of the SPAD value and LNC with the photosynthesis rate in the four parental varieties. Therefore, we concluded that genetic analysis of SPAD value and LNC would allow us to indirectly detect QTLs associated with photosynthesis. (van Ooijen, 1992) , respectively. A downward-pointing triangle indicates that the Koshihikari allele increases the value for that traits; an upward-pointing triangle indicates that the allele from the other (high-yielding) parent increases the value. DTH, days to heading; LNC, leaf N content; SPAD, Soil and Plant Analyzer Development.
Comparative mapping is often used across species to identify candidate genes controlling a trait of interest with genome relationship (Magalhaes et al., 2004; Somyong et al., 2011) . Within species, it is used to confi rm the existence of QTLs or to make comprehensive catalogs of QTLs for traits of interest (Zhang et al., 2001; Uga et al., 2010; Martin et al., 2012) . In this study, we conducted comparative mapping to examine whether higher photosynthesis was selected in breeding programs for high yield. Comparative mapping detected genomic regions on chromosomes 4 and 6 as QTLs aff ecting SPAD value and LNC across the three populations (Fig. 4) . The subsequent joint mapping by the Bayesian method also detected the two QTLs with high probability of QTL segregation in each population, suggesting that these two QTLs were associated with breeders' selection for photosynthesis rate, whether that selection was direct or indirect. However, the QTLs on chromosome 6 were co-located with those for DTH; in each population, the allele associated with early heading was also associated with increased SPAD value and LNC. (Table 3) . Chr., chromosome.
Because early heading results in small plant size, which often leads to a "concentration" of photosynthetic components in the plant ( Jarrell and Beverly, 1981) , the QTLs for photosynthesis-related traits on chromosome 6 may be due to a pleiotropic eff ect of heading date.
On the other hand, the QTLs in the vicinity of RM3534 on chromosome 4 were not associated with heading date in any of the three populations. Studies of another high-yielding variety, Habataki, also detected QTLs for SPAD value and LNC in the same region of chromosome 4 (Takai et al., 2010a; Adachi et al., 2011) . Taken together, these results suggest that the QTL on chromosome 4 may have been an important factor in a number of high-yield breeding programs. However, SPAD readings are infl uenced by leaf thickness as well as leaf N concentration. The QTL for specifi c leaf area, refl ecting leaf thickness, is previously reported in the similar region (Takai et al., 2010a) . Therefore, it is necessary to characterize which traits are related to the QTL on chromosome 4 in the future studies. Moreover, we did not investigate leaf photosynthesis rate but photosynthesis-related traits for F 2 populations since F 2 population size was too large to directly measure leaf photosynthesis for QTL analysis. Near-isogenic lines (NILs) for the QTL are needed for validation if the favorable allele of the QTL on chromosome 4 contributes to increase leaf photosynthesis.
We further examined genotypes in the region between RM3916 and RM5608, which corresponds to the interval of one-LOD support for the QTL, in 11 ancestors of Takanari. The comparison revealed that the genotypes of six varieties, including Tongil and IR8, corresponded to that of Takanari (Fig. 6 ). The Takanari pedigree shows two diff erent lineages that connect Takanari to IR8: IR8-Tongil-'Milyang 42'-Takanari on the maternal side and IR8-'IR24'-'Milyang 25'-Takanari on the paternal side. These results suggest that breeders have selected favorable alleles of the QTL for photosynthesis rate on chromosome 4. To our knowledge, this is the only study that has genetically analyzed selective breeding for photosynthesis in rice.
Because it is impossible to visualize photosynthesis directly, it is of interest to know how breeders evaluated photosynthesis. One of the possibilities is that breeders might have used leaf color as a selection criterion. Leaf greenness originates from chlorophyll, so higher chlorophyll content leads to dark green leaves (Yang et al., 2003) . Takanari, Tongil, and IR8 had higher SPAD values and darker green leaves than Koshihikari (Fig. 1a, b) . Further studies using NILs are needed to elucidate whether high-photosynthesis alleles of the QTL on chromosome 4 lead to dark green leaves.
IR8 was the fi rst high-yielding rice variety in the tropics, and breaking its yield record of 10 t ha −1 is one of the breeding objectives of IRRI (Peng et al., 1999) . Therefore, dissection of the genetic factors determining yield potential in IR8 will provide valuable information applicable to the development of new high-yielding varieties. So far, two QTLs involved in the development of IR8 have been identifi ed: a plant architecture gene, sd1, from 'Dee-geo-woo-gen' ) and a sink size gene, GN1A, from 'Peta' (unpublished data, 2012) . The present pedigree analysis indicated that IR8 inherited the genomic region on the long arm of chromosome 4 from Peta, suggesting that the Peta allele of the QTL on chromosome 4 may have played an important role in the development of IR8 by conferring increased photosynthesis rate. We are currently in the process of map-based cloning of the QTL on chromosome 4. Cloning the QTL will provide direct evidence regarding breeders' selection of this region in high-yield breeding programs. Moreover, functional analysis of the gene or genes underlying this QTL will also further reveal the mechanisms underlying natural variation in photosynthesis rate and the association between photosynthesis rate and grain yield.
